The rice planthoppers (Hemiptera: Delphacidae), including *Nilaparvata lugens* (Stål), *Laodelphax striatellus* (Fallén), and *Sogatella furcifera* (Horváth), are the most important pests on rice in Asia ([@iev041-B13], [@iev041-B6], [@iev041-B10]). The dominant species and damage levels caused by these rice planthoppers vary throughout Asia ([@iev041-B4], [@iev041-B5], [@iev041-B26], [@iev041-B6]), with *S. furcifera* being the most common species in southwestern China, and in Yunnan it has caused high economic losses during the past decade ([@iev041-B15]). For example, during the major outbreak in Yunnan in 2007, it was estimated that 26,700 ha of rice paddies were severely damaged with a loss of 190,000 metric tons of grain ([@iev041-B16]). The escalating impact of *S. furcifera* has become a threat to regional agroecosecurity of Yunnan.

The white-backed planthopper *S. furcifera* is a migratory insect that cannot survive cold winter temperatures. In China, *S. furcifera* is usually able to overwinter in areas below 25°N latitude, i.e., portions of southern Yunnan, southwestern Guangxi, and Hainan, where winter temperatures are less severe ([@iev041-B19]). The overwintering populations of *S. furcifera* migrate northward when temperature rise in spring ([@iev041-B19]). During the course of migration, large populations of *S. furcifera* feed in rice paddies and cause severe damage to the crop. A recent study also pointed out that overwintering *S. furcifera* in tropical Yunnan could be a source of a serious rice virus, the southern rice black-streaked dwarf virus (SRBSDV) ([@iev041-B17]). It is generally accepted that overwintering populations of *S. furcifera* are the source for the migrating populations that appear in the subsequent year, and the size and distribution of the overwintering population is related to the magnitude of the outbreak and damage the following spring. Hence, understanding the density and distribution of the overwintering population is key to predicting the outbreak potential of *S. furcifera*.

Yunnan Province is located in the low-latitudinal plateau region of southwestern China, which is characterized by complex terrain and climate ([@iev041-B29]). The southern part of Yunnan connects to Indochina, where winters are warm and humid with ratooning rice commonly distributed ([@iev041-B7]), and it is this area that is believed to be the major overwintering place of *S. furcifera* in southwestern China ([@iev041-B19]). Two broad surveys were carried out on overwintering populations of *S. furcifera* in this area over 20 years ago, which provided early information on the distribution and density of overwintering *S. furcifera* in Yunnan, and also provided some clues to our current understanding of the outbreak dynamics of *S. furcifera* ([@iev041-B33], [@iev041-B24]). However, during the past 20 years the regional climate ([@iev041-B12]), rice varieties ([@iev041-B22], [@iev041-B34]), and planting systems ([@iev041-B21], [@iev041-B35], [@iev041-B31]) have changed significantly in southwestern China, which likely have influenced the distribution and density of overwintering *S. furcifera* populations. Therefore, historical survey data is not well suited to assess the current status of overwintering *S. furcifera* in Yunnan and its outbreak potential in the coming year.

The present research was based on 4 yr of large-scale field surveys using geographic information system (GIS) and biological climatic factor analysis in an attempt to study 1) population density of overwintering *S. furcifera* in Yunnan; 2) demographic composition under different environments, and 3) key environmental factors that may influence the distribution and population density of overwintering *S. furcifera*. This research will improve our understanding of overwintering ecology of *S. furcifera* in Yunnan, which will provide fundamental data to further analyze outbreak dynamics of *S. furcifera* and help formulate pest management strategies for early-season rice plantations in Yunnan.

Materials and Methods
=====================

### Field Surveys

The survey area was based on the description given by [@iev041-B20], which broadly covered the area between the southern border of Yunnan (21°N at the southernmost) up to 25°N latitude within Yunnan. The survey area was divided into a 50 by 50 km grid, and field sites were established in each cell based on the following criteria: 1) at least one site was established at an elevation below 1,500 m above sea level (a.s.l.) which is the generally believed suitable overwintering upper limit for *S. furcifera*, and 2) supplementary sites were established between 1,500--1,700 m a.s.l. when winter rice agroecosystems were available in order to determine the true upper limit of the distribution of overwintering *S. furcifera*. As it has been shown in previous studies that *S. furcifera* cannot survive winter conditions in areas above 1,700 m a.s.l. ([@iev041-B24]); therefore, no field sites were established above this altitude. In total, 105 field sites were established in this study ([Fig. 1](#iev041-F1){ref-type="fig"}A). The geographical coordinates of each site were recorded using a Garmin eTrex Vista GPS handset (Version 3.2; Garmin Ltd., Taiwan). Fig. 1.(A) Distribution map of Yunnan showing the location of the 105 sampled field sites with grids below 25°N, where the red dots represent *S. furcifera*-positive sites, the blue dots represent *S. furcifera*-negative sites, and the blue lines indicate major rivers in Yunnan. (B) A contour map of the overwintering *S. furcifera* density distribution based on the 4 yr of field sampling (2010--2013).

Field surveys were carried out in January and February in 2010--2013, with each field site being surveyed once each month. Since *S. furcifera* may consume other Poaceae plants in winter for food beside its primary host, *Oryza sativa*L., ignoring other Poaceae plants may cause sampling bias, therefore four types of habitats closely related to rice agroecosystems defined in [@iev041-B20] were assigned to each site. Based on observations at the time of survey, the four types of habitats are paddies with actively growing rice (habitat type 1), paddies with ratooning rice (habitat type 2), abandoned paddies with dense grass (habitat type 3), and field drainages with dense grass (habitat type 5). During the surveys, for each habitat type at a given field site, three 4 m^2^ areas were randomly selected to collect planthoppers.

Since the rice plants in winter are shorter (\<20 cm measured from soil to the leaf tip) and much more scattered than those in summer, direct counting of planthoppers using a rectangular plate often fails to sample. Therefore, this research adopted the sweep-netting method described in the "National Standard of the People's Republic of China (GB/T 15794-2009) Rules of Investigation and Forecast for the Rice Planthopper (*Nilaparvata lugens* Stål and *Sogatella furcifera* Horváth)" ([@iev041-B2]). During the survey, each sample area was swept 20 times with an insect net (50 cm in diameter, 85 cm in depth), and all captured planthoppers (including adults and nymphs) were preserved in 95% ethanol.

All *S. furcifera* samples were identified in laboratory under a Nikon SMZ1500 stereoscope (Nikon, Tokyo, Japan) according to the descriptions given in [@iev041-B3], [@iev041-B1] and [@iev041-B8] and counted according to the following categories. The nymphs were categorized into young nymphs (YN, instars I--III) and older nymphs (ON, instars IV and V) according to the "National Standard of the People's Republic of China (GB/T 15794-2009) Rules of Investigation and Forecast for the Rice Planthopper (*Nilaparvata lugens* Stål and *S.furcifera* Horváth)" ([@iev041-B2]). As the ratio of branchypterous adults in the survey range is extremely low and only occasionally encountered during the 4-yr survey, this research only included macropterous adults (MA). The population density per 100 m^2^ of *S. furcifera* at each site was calculated from the surveyed data.

### Data Analysis

To analyze the pattern of *S. furcifera* population density with respect to longitude and latitude of each sampling site, the corresponding data were loaded into Surfer 10.0 (Golden Software Inc., Golden, CO) and contour maps were generated and coupled with the topography of Yunnan using Kriging methods ([@iev041-B32]).

To further analyze the relationship between various insect parameters and latitude and elevation, density and ratios of YNs, ONs, and MAs were calculated for each site and illustrated as bar charts with localities and latitudes on the *X* axis and population density on the *Y* axis using Grapher 8.0 (Golden Software Inc., Golden, CO), also, a contour map of the ratio of nymphs (including YN and ON) was generated and coupled with the topography of Yunnan using Kriging methods.

Long-term climate data were obtained for each of the 105 sites from BioClim (averaged over 1950--2000) ([www.worldclim.org](http://www.worldclim.org)) and used to generate ecogeographical variables (EGVs). The r29 dataset from BioClim, which includes data for all of Yunnan as well as part of southern China and Indochina (with 30 arc second resolution), was obtained and then cropped by the political boundary of Yunnan Province in GlobalMapper 11.0 ([www.globalmapper.com](http://www.globalmapper.com)). We extracted the following data for each sampling site using DIVA-GIS 7.5 ([www.diva-gis.org](http://www.diva-gis.org)) ([@iev041-B18]) and stored in an Excel spreadsheet: site altitude (*Alt*), and eight winter-related EGVs for the period 1950--2000, including isothermality (*I*~t~, Bio3), temperature seasonality (*T*~season~, Bio4), minimum air temperature of coldest month (*T*~minCM~, Bio6), mean air temperature of driest quarter (*T*~meanDQ~, Bio9), mean air temperature of coldest quarter (*T*~meanCQ~, Bio11), precipitation of the coldest month (*P*~CM~, Bio14), precipitation of driest quarter (*P*~DQ~, Bio17), and precipitation of coldest quarter (*P*~CQ~, Bio19). The denotations in parentheses are the variable names uses in this research and the EGV names designated by BioClim.

The distribution of *S. furcifera* population density data was first tested for normality using a histogram with normality curve in SPSS 13.0 (SPSS Inc., Chicago, IL), given that skewed data can affect the resulting regression models.

We let *D* represent the population density in all analyses that were performed using SPSS 13.0. We first performed a Pearson zero-order correlation to determine the correlation between *D* and the nine EGVs and to detect for possible autocorrelation between the variables, which were used to check for multicollinearity in linear stepwise regression (using the forward-entering method) and to explore the relationship between *D* and each EGV, when using either the linear regression formula (in *y* = *bx* + *C* form) or the standardized regression formula (in *y*′ = β*x* form). The relative importance of each entered variable was evaluated by a Pearson one-order partial correlation. During the stepwise regression, the 3-σ criterion was adopted by casewise diagnosis for possible outlier in the dataset ([@iev041-B27]).

Results
=======

### Population Density and Demography

S*.furcifera* was collected from 76 of 105 field sites, with 75.0% of the positive field sites being distributed in western Yunnan, compared with only 25.0% in eastern Yunnan ([Fig. 1](#iev041-F1){ref-type="fig"}A).

Population density of the overwintering *S. furcifera* ranged from less than 10 individuals per 100 m^2^ in the northern sites to over 400 individuals per 100 m^2^ in the extreme southern sites. Overwintering densitiesy showed a declining gradient from south to north, with three major independent density centers in southern Yunnan from the west to east, including the Nanding River Valley (density: 330 individuals per 100 m^2^), southern Xishuangbanna (density: 290--430 individuals per 100 m^2^), and the Red River Valley (density: 240 individuals per 100 m^2^) ([Fig. 1](#iev041-F1){ref-type="fig"}B; [Supp Table 1](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev041/-/DC1) \[online only\]).

YNs were found at 53 of the 76 sites (69.7%) in the demographic analysis, while ON were also found at 42 sites (55.3%) ([Fig. 2](#iev041-F2){ref-type="fig"}). The detailed demographic composition of each site was listed in [Supp Table 1](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev041/-/DC1) \[online only\]. Demographic analysis showed a clear tendency for declining ratio of nymphs from south to north, but the data then showed a differentiated demographic composition related to altitude ([Figs. 2](#iev041-F2){ref-type="fig"} and [3](#iev041-F3){ref-type="fig"}). For instance, Guoqing and Nandaohe are situated at roughly the same latitude (22.64°N and 22.66°N, respectively) but different altitudes, densities of all stages of *S. furcifera* at Guoqing (1,248 m) were greater than those at Nandaohe (1,307 m). Also, densities of all *S. furcifera* life stages were greater at Nansha than those at Zhongdong, Guoqing, Nandaohe, and Ning'er, despite Nansha being located at a higher latitude (23.22°N), but a much lower elevation (444 m) ([Fig. 2](#iev041-F2){ref-type="fig"}). The data also showed that the ratio of nymphs at field sites in western Yunnan was relatively greater than that in east Yunnan ([Fig. 3](#iev041-F3){ref-type="fig"}). Fig. 2.Demography of overwintering *S. furcifera* populations at 76 planthopper-positive sites in southern Yunnan in January and February during 2010--2013, where YN = young nymphs, ON = older nymphs, and MA = macropterous adults. Fig. 3.A contour map of the ratio of nymphs (including young nymph and older nymphs) in southern Yunnan in January and February during 2010--2013.

### Environmental Factors in Relation to Overwintering Populations

The histogram of *S. furcifera* population density showed a certain degree of deviation from normal, given that nearly half of the data points were clustered near zero ([Fig. 4](#iev041-F4){ref-type="fig"}). The possible causes of this deviation will be discussed later. Fig. 4.Histogram of the overwintering *S. furcifera* population density at the 105 field sites in this study with the overall population mean and SD are given for all 105 sites combined.

The Pearson zero-order correlation analysis for the all-data model showed that the population density of overwintering *S. furcifera* was significantly correlated with all nine EGVs, among which significant negative correlations were found for *Alt* (*r* = −0.564, *P* \< 0.001) and *T*~season~ (*r* = −0.550, *P* \< 0.001), while the remaining EGVs were all positively correlated with population density ([Supp Table 2](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev041/-/DC1) \[online only\]). The analysis also detected significant autocorrelations between different EGVs, i.e., between *Alt* and the three temperature variables, *T*~minCM~, *T*~meanDQ~, and *T*~meanCQ~; within the three temperature variables; between the two precipitation variables, *P*~CM~ and *P*~DQ~; between *I*~t~ and *T*~season~, *T*~meanDQ~, *T*~meanCQ~, *P*~CM~, and *P*~CQ~; and between *T*~season~ and *T*~meanDQ~, *T*~meanCQ~, *P*~CM~, *P*~DQ~, and *P*~CQ~ ([Supp Table 2](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev041/-/DC1) \[online only\]).

In the stepwise regression, *T*~meanCQ~ and *P*~CQ~ contributed significantly to the analysis, with the resulting standardized linear regression formula between population density and the climatic factors being: $$\begin{matrix}
{D = \text{21}.0\text{92}T_{\text{meanCQ}} + \text{2}.\text{561}P_{\text{CQ}}–\text{364}.\text{87};} \\
{\, D\prime = 0.\text{633}T_{\text{meanCQ}} + 0.\text{342}P_{\text{CQ}}} \\
\end{matrix}$$ where *D* represents the regression formula in *y* = *bx* + *C* form, *D*′ represents the formula in *y*′ = *βx* form.

Stepwise regression analysis showed a 0.01 level of significance for all coefficients and constants for both models ([Table 1](#iev041-T1){ref-type="table"}). The analyses yielded a regression correlation *R* = 0.740 and an adjusted *R*^2 ^= 0.539 (*F* = 61.695, *P* \< 0.001), and the maximum absolute value of the regression standardized residual was 4.034 (\>3; *D* = 430.0, predicted value = 205.0, residual = 225.0; *D* = 330.0, predicted value = 108.9, residual = 221.1), indicating the presence of outlier in the dataset. Table 1.Results of model-fit of stepwise regressionEntered variableSE*b*β*r*′*tP*VIF*T*~meanDQ~2.22521.0920.6330.6489.4780.0001.005*P*~CM~0.5002.5610.3420.4525.1210.0001.005*C*39.675−364.870---------0.000---[^2]

The Pearson one-order partial correlation found significant positive correlations between both of *T*~meanCQ~ and *P*~CQ~ with the overwintering population density of *S. furcifera*, and the partial correlation coefficients (*r*′) suggesting that the mean air temperature of the coldest quarter (*T*~meanCQ~) had a more influential effect than did precipitation of the coldest month (*P*~CQ~) ([Table 1](#iev041-T1){ref-type="table"}).

Discussion
==========

### Population Density and Demography

Yunnan is one of the major overwintering areas for *S. furcifera* in mainland China ([@iev041-B19]). [@iev041-B33] and [@iev041-B24] both carried out large-scale surveys regarding the distribution and population density of overwintering *S. furcifera* in Yunnan. [@iev041-B24] concluded that *S. furcifera* mainly occurred in the valleys and lowlands of southern Yunnan during winter, or more exactly in areas below 25.1°N and 1,480 m a.s.l. Data from this study showed that the overall distribution pattern of overwintering *S. furcifera* in southern Yunnan has not changed much; however, we found *S. furcifera* overwintering up to 1,680 m a.s.l. ([Fig. 1](#iev041-F1){ref-type="fig"}A, [Supp Table 1](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev041/-/DC1) \[online only\]), demonstrating that the upper edge of overwintering *S. furcifera* has moved approximately 200 m upward in elevation in the past two decades. This study also demonstrated that the population density of overwintering *S. furcifera* declined with increasing latitude and altitude ([Fig. 1](#iev041-F1){ref-type="fig"}B), which is a pattern that was also found in the earlier studies.

Wintertime temperature is regarded as the most important factor influencing the distribution and population density of overwintering *S. furcifera*. In Yunnan, during the past two decades, the average winter temperature for the entire province has increased at a rate of 0.24--0.33°C per decade, and the diurnal temperature range decreased ([@iev041-B23], [@iev041-B14], [@iev041-B12]), which resulted in the northward expansion of the tropical and southern subtropical zones in Asia ([@iev041-B12]). The data showed that the increase of average winter temperatures and spatial changes of climate zones is able to partially explain the northward and upward shift in the distribution of overwintering *S. furcifera*.

Shift in planting systems is also an important reason for declining densities of overwintering *S. furcifera* in recent years in some areas of Yunnan. For instance in the Honghe Prefecture alone, banana plantations were highly promoted since 2006 ([@iev041-B36]). By the end of 2011, at least 30,000 ha of banana were planted in this area, with nearly 13,000 ha was shifted from rice paddies (J. P. Lü, personal communication). Such shift has dramatically compressed the available habitat for overwintering *S. furcifera* compared to two decades ago ([@iev041-B24]). Another example is from the lowlands in southern and southwestern Yunnan where the paddy fields are more commonly reutilized in winter for other crops compared to 20 yr ago, which results in less habitat for ratooning rice and winter paddies ([@iev041-B31]).

Based on the occurrence and reproductive charactristics of *S. furcifera*, [@iev041-B24] divided the overwintering area of *S. furcifera* in Yunnan into three zones, namely the "year-round reproductive area, YRA" (21--22°N or \<800 m, mean air temperature in January between 13 and 16°C), the "usual overwintering area, UOA" (22--24°N or 800--1,300 m, mean air temperature in January between 10 and 13°C), and the "occasional overwintering area, OOA" (24--25°N or 1,200--1,500 m, mean air temperature in January between 8 and 10°C). This study found MA and nymphs in both of the YRA and the UOA, and the proportion of nymphs in the YRA is greater than that in the UOA ([Fig. 2](#iev041-F2){ref-type="fig"}). Occurrence and ratio of nymphs in winter reflect the status of population growth in a particular area. The density and distribution pattern of nymphs in the present study matched the three overwintering zones defined by [@iev041-B24], indicating that the spatial distribution of overwintering *S. furcifera* has not changed much in the past two decades. In the YRA and UOA, the mean daily temperature in winter is 10--18°C, which exceeds the average development threshold of *S. furcifera* (9.13°C; [@iev041-B28]); hence, *S. furcifera* is able to develop continuously. However in the OOA, the mean air temperature in winter is only 8--10°C, which is just above the overwintering threshold for survival of *S. furcifera* (8.82°C; [@iev041-B24]), but likely not warm enough to promote population growth. The partition between these overwintering areas and their strong temperature differences support the contention that temperature is a key factor in the occurrence and distribution pattern of *S. furcifera* in winter.

[@iev041-B11] pointed out that planthoppers that occur in more than one climatic zone are able to overwinter by diapausing. However, true diapause in *S. furcifera* has not been described yet. Our field survey could not verify whether *S. furcifera* was able to diapause in the OOA area, therefore, questions concerning the ability to diapause in *S. furcifera* still need to be answered by future research. In addition, during our field surveys, we collected planthopper eggs from ratooning rice at various localities but failed to identify whether they were eggs of *S. furcifera*. Therefore, it is logical to assume that the lack of data on eggs may have caused the deviation from normality in our dataset, and the actual population density of *S. furcifera* in winter could have been greater if we could have accounted for eggs.

### Key Influencing Factors

This study analyzed three temperature factors in winter, i.e., the minimum air temperature of the coldest month (*T*~minCM~), the mean air temperature of the driest quarter (*T*~meanDQ~), and the mean air temperature of the coldest quarter (*T*~meanCQ~). Our analyses showed important influences made by all three temperature factors ([Supp Table 2](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev041/-/DC1) \[online only\]), but the relative importance of each factor differed. Among these three factors, *T*~meanCQ~ was the key influential factor ([Table 1](#iev041-T1){ref-type="table"}), which most clearly reflects the severity of winter and thus has a strong regulatory influence on the distribution and population density of *S. furcifera* in winter. By contrast, the factor *T*~minCM~ appears to reflect more of a short-term extreme low temperature event, rather than the long-term average represented by *T*~meanCQ~. The third factor, *T*~meanDQ~, represents the temperature in the dry season, which lasts from November to April in Yunnan ([@iev041-B9]), and may easily exceed 20°C in the study area in March and April. Therefore, the restrictive effect of this factor on the distribution and density of overwintering *S. furcifera* was quite likely limited given that it already exceeds the thermal requirement of *S. furcifera*.

Precipitation is another important factor that appears to influence the density of *S. furcifera* in winter. Our analysis found different levels of influence for the three wintertime precipitation factors analyzed ([Supp Table 2](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev041/-/DC1) \[online only\]), among which the precipitation of the coldest quarter (*P*~CQ~) was flagged as a key factor ([Table 1](#iev041-T1){ref-type="table"}). Since paddies with ratooning rice is the major overwintering habitat for *S. furcifera* in our survey area ([@iev041-B20]), it is logical that water availability, in the form of precipitation, would strongly determine the distribution and quality of ratooning rice ([@iev041-B7]). Hence, winter precipitation is thus strongly linked to the distribution and quality of ratooning rice, which subsequently influences the density of *S. furcifera*. This relationship also helps explain why the factor representing the drought in winter was also flagged as the key factor influencing the distribution of *S. furcifera*.

### Implication for Pest Management

This study demonstrated that overwintering populations in Yunnan often occur in areas below 25°N, and can maintain population growth throughout winter at elevations below 1,500 m. In such areas in Yunnan, there are often two or three rice crops harvested yearly ([@iev041-B30]; [@iev041-B37]). The first rice crop (early season) is planted in mid-February, when ambient temperatures rise quickly in spring. As the rice crop grows, the overwintering *S. furcifera* can develop and multiply quickly, often reaching pest levels in spring ([@iev041-B25]). Hence, multiple pest management tactics can be adopted to reduce overwintering *S. furcifera* numbers, such as elimination of ratooning rice by immediate plowing after harvest, reutilization of vacant paddies with a different crop in winter, as well as monitoring *S. furcifera* populations.

Utilizing the key climatic factors identified in this study will aid managers in the design of future surveys for overwintering *S. furcifera* populations. Winter temperature and precipitation are two important factors influencing the distribution, density, and demography of overwintering *S. furcifera*. This study demonstrated that the effect of temperature was greater than that of precipitation ([Table 1](#iev041-T1){ref-type="table"}; [Supp Table 2](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev041/-/DC1) \[online only\]). Therefore, mean air temperatures from December to February should be analyzed first to determine whether the thermal requirements of *S. furcifera* are met, and then precipitation of the area could be taken into consideration. When both temperature and precipitation are suitable for successful overwintering of *S. furcifera*, field surveys could be carried out to assess the actual distribution and density of overwintering *S. furcifera*. By using this sequential analysis-and-survey approach, human and financial resources could be used more efficiently. However, to develop a mathematical model between the population density of overwintering *S. furcifera* and the magnitude of subsequent spring outbreak, further biological studies on the population growth of *S. furcifera* are required.

Supplementary Data
==================

Supplementary data are available at *Journal of Insect Science* [online](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev041/-/DC1).
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